Abstract. There is a dearth of technology and methods to aid process characterization, control and scale-up of complex culture platforms that provide niche micro-environments for some stem cell-based products. We have demonstrated a novel use of 3d in-vivo imaging systems to visualize medium flow and cell distribution within a complex culture platform (hollow fiber bioreactor) to aid characterization of potential spatial heterogeneity and identify potential routes of bioreactor failure or sources of variability. This can then aid process characterization and control of such systems with a view to scale-up. Two potential sources of variation were observed with multiple bioreactors repeatedly imaged using two different imaging systems: shortcutting of medium between adjacent inlet and outlet ports with the potential to create medium gradients within the bioreactor, and localization of bioluminescent murine 4T1-luc2 cells upon inoculation with the potential to create variable seeding densities at different points within the cell growth chamber. The ability of the imaging technique to identify these key operational bioreactor characteristics demonstrates an emerging technique in troubleshooting and engineering optimization of bioreactor performance. Stem cell-based products always incorporate some heterogeneity due to variability in biological input materials, different micro-environments in the bioprocess and cell sensitivity to extrinsic factors. Improving the understanding, characterization and control of a bioprocess, is essential in ensuring process reproducibility and product quality [1] [2] [3] [4] . In-process measurements aid process understanding and control, and one of the most commonly used methods of in-process measurement is cell number and cell viability determination, but many tests are invasive and subjective 1, 5 . There is a requirement for improved process control equipment and techniques, and the use of quantitative non-invasive and non-destructive automated imaging techniques are expected to become more prevalent for on-line monitoring 6 . However current techniques are primarily suited to 2-dimensional adherent cell culture formats, and for many applications 3d culture is preferable for scalable manufacture 7 .
Although many 3d culture systems have on-line monitoring and culture maintenance capabilities, and traditional 3d stirred tank production technology is known to perform and be readily scalable for suspension cultures 2, 8, 9 , more complex 3d platforms are required for some cell-based bioprocesses in order to provide a more appropriate micro-environment 9, 10 .
For example, perfused hollow fiber bioreactors have been used for primary human hepatocytes 11 and hematopoietic progenitor cells 12 , where the stem cell niche is considered of critical importance to successful expansion, differentiation and maturation. An advantage of these more complex perfused bioreactors is a higher surface area to volume ratio leading to potentially higher product yields, improved homogeneity relative to fed-batch or static methods, and reduced waste accumulation. Yet the disadvantages associated with such systems are variable harvest yield, increased risk of heterogeneous culture conditions or cell distribution with complex internal structure/flow (primarily rigid systems), increased risk of problematic cell dissociation, and unknown or negative effects of continuous removal of paracrine factors 13, 6, 10 . There is a requirement to evaluate methods of in-process bioreactor 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the proof of principle that 3d in-vivo imaging systems can be utilized to image medium and bio-distribution in a hollow fiber cell culture bioreactor to aid characterization of potential spatial heterogeneity and sources of variability.
Two potential sources of heterogeneity were investigated: media distribution and cell seed distribution within the bioreactor. Equipment for in vivo bio-monitoring were considered as good candidates to allow monitoring of flow patterns and cell distribution in the bioreactor.
The laboratory scale bioreactor has an 8 mL cell chamber whereas the clinical scale bioreactor has an 800 mL cell chamber (Stemcell Systems GmbH, Berlin, Germany). The cell chamber comprises layers of counter-currently perfused medium capillaries with integrated gas capillaries. Cells are cultured outside the fibers in the extra-capillary space and medium / gas is circulated through semi-permeable fibers through the intra-capillary space. The internal structure of the bioreactor, the perfusion set up, perfusion and inoculation conditions have been described in detail elsewhere 13 . Two imaging systems were used; the Pearl Impulse system (LI-COR Biosciences, Cambridge, UK) and the Ivis Kinetic system (Caliper Life Sciences, Cheshire, UK). As the Pearl Impulse system does not have the chamber capacity to analyze an 800 mL bioreactor, a further high capacity system, the Ivis Kinetic, was also investigated as this has the potential for downstream use with a scaled bioreactor.
Medium distribution. The Pearl Impulse Imager was shown to be capable of detecting artificially induced fluorescence and flow patterns of fluorescent liquid (IR Dye ® 800CW probe, LI-COR Biosciences) within the bioreactor and these signals were distinguishable from background auto-fluorescence of the plastic. Fluorescent dye-spiked buffer was perfused under counter-current flow through the bioreactor to capture video of flow characteristics. Figure 1 shows a cross-section of still images from a representative video Figure 2A ). Additionally, Figure 2B , with blocked excitation, showed that the bioreactor had no detectable phosphorescence suggesting the possibility of tracking a bioluminescent cell population. The shortcutting of fluorescent dye-spiked media between adjacent medium in-flow and out-flow ports observed previously was also observed when bioreactors were imaged using the Ivis Kinetic under identical counter-current medium perfusion conditions ( Figure 2C shows a still image from a representative video sequence). The effect of medium short-cutting was observed in multiple bioreactors with two different imaging systems suggesting that this could be a source of potential process variation. Additionally, as medium short-cutting was observed at the higher circulation flow rate, there is potential for differences or gradients to arise at lower flow rates such as the 4 mL/min cell feeding rate 13 . into the cell inoculation port appeared to show uneven dye distribution after seeding, thereby suggesting the potential for non-homogenous cell density within the cell chamber as another possible candidate for introducing process variability. To further investigate cell distribution after seeding into the cell chamber of the bioreactor, a population of bioluminescent murine cells (4T1-luc2, Caliper Life Sciences) were inoculated into the bioreactor under conditions described previously 13 . The Ivis Kinetic imager was able to detect the bioluminescent population within the hollow fiber bioreactor, and showed that the cells appeared to localize in the center of the cell chamber ( Figure 3 ), suggesting that distribution in the compartment may not be homogenous at inoculation.
Shortcutting of medium between adjacent inlet and outlet ports has the potential to create medium gradients, and heterogeneous distribution of cells upon inoculation has the potential to create variable seeding densities within the bioreactor. Such sources of variation could cause considerable process performance heterogeneity problems with scale-up. Small scale bioreactor systems using low cell densities tend to function well as there is an excess of nutrients available. However, as systems are scaled and higher cell densities achieved, early identification of heterogeneity issues can be critical as cell and medium gradients may result in some cells being starved of both nutrients and oxygen with others being overfed. Variation in harvest cell yield from the bioreactors has been observed previously 13 and the ability of the imaging technique to identify these key operational bioreactor characteristics that may contribute to such variation demonstrates a powerful emerging role in troubleshooting and engineering optimization of bioreactor performance. Defining procedures to maximize cell seeding homogeneity (e.g. optimized liquid chasing or bioreactor rotation procedures) could 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 supplemented with 10% FBS (Fisher Scientific, Loughborough, UK). 4T1-luc2 cells were prepared to 5×10 4 /mL density and exposed to Xenolight D-luciferin potassium salt substrate (150 µg/mL in RPMI-1640) at 37ºC for 5 min. Cells were inoculated into the 8 mL bioreactor cell chamber port at a density of 8×10 5 /mL (6.4×10 6 cells in total), as described previously 13 , for subsequent imaging (37 ºC imaging chamber). All reagents, cell lines and substrates for Ivis Kinetic Imaging were provided courtesy of Caliper Life Sciences. Imaging was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and black arrows show medium short-cutting to adjacent rather than opposite exit ports (B4). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Image A shows the hollow fiber bioreactor structure: (Port 1) gas outlet, (2) medium outlet, (3) countercurrent flow medium inlet, (4) cell inoculation port, (5) gas inlet, (6) medium inlet and (7) medium outlet. Inset: illustrated hollow fiber layers of gassing (grey), medium (pink), and counter-current flow medium (blue) fibers. Image B shows a cross-section of still images from a representative video sequence of counter-current flow medium perfusion. The images were taken using the Pearl Impulse Imaging system, IR Dye® 800CW and the 800 nm fluorescence channel. Numbered bioreactor ports (1-7) are clearly visible at the beginning of the sequence (B1) and the bioreactor remains in the same orientation throughout imaging. White arrows show counter-current medium perfusion (B1) and black arrows show medium short-cutting to adjacent rather than opposite exit ports (B4). 88x34mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Spectral analysis of the hollow fiber bioreactor using an Ivis Spectrum imaging system and GFP to NIR range filters. Bioreactor ports are numbered from 1-7 (in white) to show orientation (black port numbers painted on the bioreactor casing have been obscured by signal in some places). Image A shows the minimal background noise signal can be achieved with the 710/780 excitation/emission filter combination. Image B shows blocked excitation and no detectable phosphorescence for bioluminescence experimentation. Image C is taken from a video sequence using the Ivis Kinetic Imaging system (710/780 excitation/emission filter combination) and shows Xenolight CF750 fluorescent dye-spiked counter-current medium perfusion (white arrows) and medium short cutting to adjacent rather than opposite exit ports (black arrows). 125x90mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
